Introduction
We recently introduced a method for estimating contributions of gluconeogenesis to glucose production (1). Estimates depended upon the extent of enrichment of deuterium in the hydrogen bound to carbon 6 of glucose after ingestion of 2 H 2 O. In the conversion of pyruvate to glucose the hydrogens bound to carbon 3 of pyruvate exchange with hydrogen in water and it is that carbon, with two bound hydrogens, that becomes carbon 6 of glucose. Oxidation of the glucose with periodic acid yields formaldehyde containing carbon 6 and the hydrogens. A strength of the method is in the use of hexamethylenetetramine (HMT), 1 C 6 H 12 N 4 , a condensation product of six molecules of formaldehyde and four molecules of NH 3 , to assay the enrichment of the hydrogens. All 12 hydrogens of HMT are from the formaldehyde. That magnification allows for an accurate measurement of enrichment, while giving a safe, well-tolerated dose of 2 H 2 O. Enrichment of the hydrogens bound to carbon 6 of blood glucose should equal that in body water, if all glucose formation is via gluconeogenesis from pyruvate, the exchange is complete, and the enrichment has reached steady state. Since in the conversion of glycogen to glucose the hydrogens bound to carbon 6 do not exchange with hydrogen in water, the fraction of blood glucose formed by gluconeogenesis is then the ratio of the enrichment of deuterium in a hydrogen bound to carbon 6 of glucose to that in body water (1) . Since in gluconeogenesis, fructose-6-P ⇔ glucose-6-P → glucose, the enrichment of the hydrogen bound to carbon 2 of blood glucose formed by gluconeogenesis should also be about that in body water. The hydrogen bound to carbon 2 of glucose formed by glycogenolysis should also have about the same enrichment as in body water, since as glycogen → glucose-6-P → glucose, there is extensive isomerization of glucose-6-P with fructose-6-P (2). Thus, after 2 H 2 O ingestion, the enrichment of a hydrogen bound to carbon 6 to that bound to carbon 2 of blood glucose also measures the fraction of the glucose formed by gluconeogenesis.
However, reliance on enrichment of the hydrogen bound to carbon 6 results in underestimates. The exchange of the hydrogens bound to carbon 3 of pyruvate with those in water is extensive, but incomplete (1) . Also, gluconeogenesis from glycerol is not measured, since the hydrogens bound to carbon 3 of glycerol that become the hydrogens bound to carbon 6 of glucose do not exchange with hydrogen in body water. We now apply an approach which removes those limitations.
The approach rests on the fact that hydrogen bound to carbon 5 of glucose formed via gluconeogenesis, in the conversion of phosphoenolpyruvate to 2-phosphoglyceric acid, has water as its source. Furthermore, when glycerol is converted to glucose, carbon 5 of the glucose is from carbon 2 of glyceraldehyde-3-P (Fig. 1) . Hydrogen from water is transferred to that carbon in the isomerization of dihydroxyacetone-3-P from the glycerol with glyceraldehyde-3-P, and that isomerization is extensive (3). In glycogenolysis there is no exchange with water of the hydrogen bound to carbon 5 of the glucose formed. Thus, the ratio of enrichment at carbon 5 of glucose to that at carbon 2, or in water at steady state, is a direct measure of the fraction of glucose formed by gluconeogenesis.
We chemically converted glucose to xylose by the removal of carbon 6. Oxidation of the xylose with periodic acid then yields formaldehyde containing carbon 5 of glucose with its bound hydrogen. Determination of the enrichment at carbon 2 of glucose using a lactate derivative (1), while adequate, does not have the advantage provided by using HMT. Therefore, we also developed a procedure that yields formaldehyde with the hydrogen bound to carbon 2 of glucose and hence a HMT containing that hydrogen.
There has been uncertainty with regard to the contribution of gluconeogenesis during fasting. Healthy subjects were given 2 H 2 O and fasted for 42 h. At timed intervals during the fast the enrichments at carbons 2, 5, and 6 of glucose using the HMT derivative were determined. Enrichment in urinary water was the measure of the enrichment in body water. From the ratios of enrichments estimates were made of the fraction of glucose produced by gluconeogenesis. The ratios also give a measure of the extent of exchange of the hydrogens of pyruvate that results in the enrichment at carbon 6 and the extent of isomerization of the hexose-6-phosphates that results in the enrichment at carbon 2 in the process of glycogenolysis.
Methods
Subjects. Eight healthy subjects, six women and two men, ages 24 to 39 yr (31.3 Ϯ 1.9) were studied. Their weights ranged from 63 to 86 kg (body mass index 23.4 Ϯ 0.5 kg/m 2 ). As recorded in dietary diaries, they ingested at least 200 grams of carbohydrate daily for the 4 d before study. They reported no change in diet and weight during the prior months.
Experimental protocol. The protocol was that used previously (1) . At 5 p.m. on the day of the study the subjects ingested during 1 h a meal of 12-14 kcal per kg of body weight and composed of 48% carbohydrate, 19% protein, and 33% fat. They then fasted for 42 h except for water ingestion. 5 h after beginning the fast they drank 2. Analytical procedures. Glucose concentration in plasma was determined using glucose oxidase (Beckman Instruments, Inc., Fullerton, CA) and beta-hydroxybutyrate in blood using beta-hydroxybutyrate dehydrogenase (4) . Enrichment in urine was determined by Dr. David Wagner (Metabolic Solutions, Inc., Merrimack, NH) using an isotope ratio mass spectrometer with urines of known enrichments from 0.25 to 0.75% providing a standard curve. Along with urines from the subjects, samples of known enrichment were sent to that laboratory as controls and the enrichment reported for those samples were within 1% of the actual enrichments. Urines were distilled and the distillates gave the same enrichment as the urines, providing further confidence in the reliability of the assays.
Glucose conversion to xylose. Glucose was isolated by HPLC of a deionized solution from Ba(OH) 2 and ZnSO 4 deproteinized blood, as previously detailed (1) . The procedure for converting glucose to xylose ( Fig. 2) was a small scale modification of that used to synthesize (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) C)xylose from (1-14 C)glucose (5). 5 mg of glucose in 1 ml of acetone containing 0.04 ml of concentrated H 2 SO 4 was stirred at room temperature for 4 h. The mixture was made just alkaline by the addition of 10 N NaOH and filtered. The Na 2 SO 4 cake was washed with acetone and the combined filtrates evaporated to dryness. 1 ml of 0.01 N HCl was added to the residue, giving a pH near 2, and the solution was stirred at 40 Њ C for 5 h. The solution was adjusted to pH 8 by the addition of 0.1 N NaOH and extracted with 3 ml ϫ 3 of ethyl acetate to remove unchanged diacetone glucose. A drop of methyl red indicator, 0.04% in 60% ethanol, and 10 mg of sodium periodate were added to the aqueous solution and the pH was adjusted to about 5 by the addition of 0.01 N NaOH. After 1 h at room temperature the solution was evaporated in vacuo to dryness and 20 mg of anhydrous sodium sulfate was added to the residue to complete drying.
The aldomonoacetone xylose in the residue was extracted into 3 ϫ 2 ml of chloroform. The chloroform was filtered through a plug of anhydrous sodium sulfate and evaporated to dryness. The residue was dissolved in 1 ml of water and 20 mg of NaBH 4 was added. After 30 min at room temperature excess borohydride was destroyed by the drop-wise addition of 1 N HCl. The solution was evaporated to dryness and 5 ml of methanol was added and evaporated to remove borate as methyl borate. Addition of 5 ml of methanol and its evaporation was repeated twice more. The residue after the addition of 1 ml (7). Glucose conversion to ribitol-5-P and arabitol-5-P (Fig. 3) . The conversion of glucose to ribulose-5-P was essentially as described (8, 9) . The reactions were taken to completion by coupling them to the conversion of ␣ -ketoglutarate to glutamate. The reduction of the ribulose-5-P to the polyol phosphates was done by a microscale modification of the method described in references 10 and 11 ( Fig. 3 ). 2 mg of glucose was incubated for 1 h at 30 Њ C in 1 ml of 0.1 M triethanolamine buffer, pH 7.6, with 10 mM MgCl 2 , 8 mg of ATP, and 4 U of hexokinase. Conversion of the glucose to glucose-6-P was virtually complete as evidenced by retention on an anion exchange column of all the 14 C when an incubate in which the glucose had been labeled with (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) C) glucose was passed through the column. After 1 h, 5 mg of ␣ -ketoglutarate, 2 mg of NH 4 Cl, 6 mg of NADP, 1 U of glucose-6-P dehydrogenase, 1 U of 6 phosphogluconate dehydrogenase, and 1.5 U of glutamate dehydrogenase were added, giving a total volume of incubate of 1.2 ml (all enzymes and nucleotides were purchased from Sigma Chemical Co., St. Louis, MO). The pH was adjusted to 7.7, requiring a small amount, ‫ف‬ 0.1 ml, of 1 N NaOH and the incubation continued for an additional 3 h at 30 Њ C.
To stop the reaction 0.1 ml of 50% trichloroacetic acid was added and then a pinch of activated charcoal to absorb the nucleotides (12) . The mixture was centrifuged, another pinch of the charcoal added to the supernatant, and the resulting mixture again centrifuged. The removal of the nucleotides from solution was followed by the disappearance of absorption at 260 mu. The supernatant was extracted with ether (2 ml ϫ 3) to remove trichloroacetic acid. It was then passed through the AG 1-X8 ion exchange column in the formate form. The column was washed with water, and then the ribulose-5-P was eluted with 1 N formic acid. That fraction was evaporated to dryness. When (2-3 H, 1-14 C)glucose was carried through to this stage of the procedure ‫ف‬ 60% of the 3 H in the glucose was recovered in the 1 N formic acid fraction. The amount of ketopentose in the fraction, determined using the Dische colorimetric assay (6), was also ‫ف‬ 60% of theoretical. After treatment with phosphatase, on HPLC using the HPX-87P column, there was a single radioactive peak with the mobility of ribulose, giving the color described for a ketopentose (6) . While the amount of ribose-5-P isomerase in the enzyme preparation used was reported to be Ͻ 0.03%, we were concerned about ribose-5-P as a contaminant. However, there was no evidence of contamination on HPLC, the hydrogen lost in the isomerization of ribulose-5-P to ribose-5-P is not the hydrogen bound to carbon 2 of the glucose, and reduction of ribose-5-P also yields ribitol-5-P.
The ribulose-5-P was dissolved in 0.3 ml of water, the solution taken to pH 7 with NaOH, and 2 mg of NaBH 4 was added. After 12 h at room temperature 0.08 ml of 2 N acetic acid followed by 0.05 ml of 7 M NH 4 OH was added, giving a pH of 8-9. The solution was diluted to 2 ml with water and passed through a 1 ml column of the AG 1-X8 resin in the acetate form. The column was washed with water and then the polyol phosphates eluted in about 2 ml of 1 N ammonium acetate. Cations were removed from the eluate by adding 2-3 grams of AG-50W in the H ϩ form. The supernatant combined with water washings of the resin was evaporated at room temperature with additions of water to remove acetic acid, and then evaporated to dryness. Traces of borate were removed by addition and evaporation of methanol (2 ml ϫ 3).
The yield of polyol phosphates from the glucose was ‫ف‬ 30% of theoretical. That yield is based on recovery of 3 H beginning with (2-3 H)glucose. After phosphatase treatment, two peaks with about equal radioactivity were found on HPLC using the HPX-87P column, one with the mobility of ribitol and the other with that of arabitol. An HMT prepared from the polyol phosphates obtained on incubation of (2- phosphorylated. The failure to form an HMT and hence formaldehyde on periodic acid oxidation of glucose-6-P was also confirmed.
Preparation and assay of the HMT. The procedure for preparing HMT from xylose and the polyol phosphates was the same as previously detailed for glucose, except we now use for periodate oxidation the conditions of Reeves (13) . The oxidation is then completed in 1 h rather than overnight. To the sugar or sugar phosphates in 0.1 ml of water, 0.2 ml of 0.3 M periodic acid and 0.2 ml of 1 N sodium bicarbonate were added. After 1 h at room temperature, 0.3 ml of 1 N HCl and 0.2 ml of 1.2 N sodium arsenite were added to destroy excess periodate. After the iodine color disappeared the solution was made basic to phenol red by the addition of 0.03 ml of 10 N NaOH and distilled. 1.5 ml of 7 M NH 4 OH was added to the distillate. The solution after remaining at room temperature overnight was evaporated to dryness. The HMT in the residue was then assayed for deuterium enrichment by mass spectrometry as previously detailed (1, 14) .
Usually 0.4-0.7 mg of glucose, xylose, or the polyol phosphates was oxidized. However, 0.2 mg of glucose or xylose gives sufficient HMT for several repeat assays of 2 H enrichment (14) . The yields of HMT from xylose and glucose were ‫ف‬ 40% of theoretical, but from the polyol phosphates only ‫ف‬ 30%. Ribulose-5-P, prepared from (2-3 H, 2-14 C)glucose, gave an HMT on periodic acid oxidation with the same ratio of label as periodic acid oxidation of polyol phosphates formed from the glucose. However, yields from ribulose-5-P were less, 10-15%, probably because a hydroxyketo group rather than a dihydroxy group was cleaved (15) .
Enrichment in HMTs from carbons 2, 5, and 6 of a blood glucose, prepared in singleton, were determined by mass spectrometry at the same sitting. No HMTs of known 2 H enrichment had to be assayed in order to determine absolute enrichment, since the ratio of the peaks of m ϩ 1 (mass 141) of the HMTs from carbons 2, 5, and 6 above background were equivalent to the ratios of their absolute enrichments. However, at each sitting HMTs from formaldehyde of 0.125, 0.25, 0.5, and 1.0% 2 H enrichment, prepared from (1-2 H 1 )sorbitol as previously detailed (1, 14) , were also assayed. That allowed the absolute enrichments of the hydrogens bound to the carbons to be compared with the enrichment in urinary water. Background was measured on HMTs prepared from blood glucose from subjects before ingesting Calculations. The enrichment in the HMT from carbon 6 of glucose was divided by two because there are two hydrogens bound to carbon 6 that are enriched. The enrichments in the HMTs from formaldehyde from xylose and the polyol phosphates were those in the hydrogens bound, respectively, to carbons 5 and 2 of the glucose. That is because the source of one of the two hydrogens bound to the formaldehyde carbon 5 was NaBH 4 and the source of one of the two hydrogens bound to formaldehyde carbon 2 was a H ϩ in the incubation medium. The fraction of blood glucose produced due to gluconeogenesis was calculated by dividing the enrichment at carbon 5 at 14, 22, and 42 h by that at carbon 2 at 42 h of fasting. The assumption that at 42 h the enrichment at carbon 2 was essentially that in body water was tested by the ratios of those enrichments. The ratio of enrichments at carbon 2 at 14 and 22 h to that at carbon 2 at 42 h was calculated to provide an estimate of the extent of equilibration of glucose-6-P with fructose-6-P during glycogenolysis. The enrichment at carbon 6 to carbon 2 was calculated to give an estimate of the fraction of glucose production via gluconeogenesis from pyruvate (1). The difference between that fraction and the fraction calculated from the carbon 5 to carbon 2 ratio provided a measure of the contribution of glycerol to gluconeogenesis and the equilibration of the hydrogens in pyruvate with those of body water during the course of gluconeogenesis. MeansϮstandard errors of the means were calculated.
Results
Plasma glucose concentration was 5.2Ϯ0.1 mM after 14 h and 4.3Ϯ0.1 mM after 42 h of fasting. Blood beta-hydroxybutyrate concentration was 76Ϯ25 M at 14 h and 1127Ϯ153 M at 42 h.
The enrichments of the hydrogens at carbons 2, 5, and 6 of blood glucose and in urinary water from the eight subjects are recorded in Table I and the ratios of those enrichments in Table II. The ratio of enrichment at carbon 5 at 14 h to that at carbon 2 at 42 h was 0.49Ϯ0.04 (Table II) , meaning the percentage of glucose production due to gluconeogenesis after 14 h varied, but was ‫ف‬ 50%. The ratio of the enrichment at carbon 5 at 22 h to that at carbon 2 at 42 h gives an estimated gluconeogenesis contribution at 22 h of 69Ϯ4%. The corresponding ratio at 42 h indicates a contribution of 94Ϯ2%.
In glycogenolysis ‫ف‬ 10% of the glucose released arises from the hydrolysis of the branch points in the glycogen, i.e., without glucose-6-P as an intermediate. That glucose would H at carbons 2, thus resulting in an underestimation of the contribution of glycogenolysis. Correcting for that glucose increases the contribution of glycogenolysis at 14 h from 51% to [(51 ϩ 5)/105]100 ϭ 53% with the contribution of gluconeogenesis reduced to 47Ϯ4%. The corrected contributions of gluconeogenesis are then 67Ϯ4% at 22 h and 93Ϯ2% at 42 h.
The enrichment in urinary water collected at 14-18 h was the same, ‫ف‬ 0.5%, as at 38-42 h, as expected from the amounts and times of 2 H 2 O administrations. That agrees with our previous experience under the same conditions. Thus, a constant enrichment in urinary water was achieved by 14 h and presumably for several hours before, since the last dose of 2 H 2 O was ingested 9 h into the fast.
In the conversion of fructose-6-P to glucose-6-P during gluconeogenesis, there is labeling at carbon 2 of the glucose-6-P through an exchange with water. Exchange resulting in labeling at carbon 2 of glucose-6-P formed by glycogenolysis depends upon the extent the glucose-6-P is converted to fructose-6-P before its conversion to glucose. When (2) (3) H, 2-14 C)galactose was infused into subjects fasted overnight, the 3 H/ 14 C ratio in blood glucose was ‫ف‬ 20% of that in the galactose, suggesting that in gluconeogenesis ‫ف‬ 80% of the hydrogen at carbon 2 equilibrates with water (2) . In addition to exchange with water, interconversion of glucose-6-P with fructose-6-P occurs with hydrogen transfer, the intramolecular movement of hydrogen between carbons 1 and 2 of the hexose-6-phosphates (16) . Intramolecular movement of the hydrogen bound to carbon 2 of glucose-6-P formed in glycogenolysis began with a hydrogen unenriched in deuterium. However, movement of the hydrogen bound to carbon 1 of fructose-6-P formed by gluconeogenesis began with a hydrogen already enriched to the extent of the hydrogens bound to carbon 6. That is because the four hydrogens bound to carbons 1 and 6 of the fructose-6-P derive from the hydrogens bound to carbon 3 of the triose phosphates. That the hydrogen bound to carbon 2 of glucose-6-P formed from fructose-6-P by gluconeogenesis reached the enrichment in body water is evidenced by the absence of a discernible difference between the enrichment at carbon 2 at 42 h and the enrichment in urinary water.
The lower ratio of enrichment at carbon 2 at 14 and 22 h to that at 42 h then provides a measure of the extent of the equilibration of the hydrogen at carbon 2 of glucose-6-P with that in water during glycogenolysis. Since the mean ratio at 14-42 h was 0.89 when there was 53% glycogenolysis, the extent of equilibration was [(89 Ϫ 47)/53]100 ϭ 79%. At 22 h it was [(95 Ϫ 67)/33]100 ϭ 85%. We do not know why we did not find lower enrichments at carbon 2 at 14 h than at 42 h in our previous study (1) , when assaying enrichment by transferring the hydrogen at carbon 2 to lactate.
The proportions of gluconeogenesis calculated from the ratios at carbon 6 to carbon 2 at 42 h were 33Ϯ3% at 14 h, 47Ϯ3% at 22 h, and 71Ϯ1% at 42 h. These percentages are in agreement with those previously reported under the same conditions (1), except then the percentages at 14 and 22 h, 35Ϯ2% and 38Ϯ2%, were not significantly different. The differences in the rate of gluconeogenesis calculated from the 6/2 ratio to that from the 5/2 ratio is 16% at 14 h, 22% at 22 h, and 23% at 42 h. Those differences are due to the sum of incomplete equilibration of the hydrogens that become those bound to carbon 6 of the glucose in the process of gluconeogenesis and the contribution of glycerol to gluconeogenesis. Equilibration with body water after an overnight fast has been estimated to be ‫ف‬ 80% from the finding that on infusing (3- C ratio in glucose was ‫ف‬ 0.2 of that in the lactate (1, 2) . The contribution of glycerol to glucose production has been estimated to be ‫ف‬ 3% after an overnight fast (17) and 10% after 60 h of fasting (18) . At 42 h then 94 Ϫ 10 ϭ 84% would have been the rate estimated from the 6/2 ratio if equilibration had been complete. Therefore (71/84)100 ϭ 85% was the extent of that equilibration. At 14 h the equilibration calculates to [33/(49 Ϫ 3)]100 ϭ 72%.
Discussion
Almost all of glucose production after 42 h of fasting would be expected to be via gluconeogenesis. The estimate of 93% fulfills that expectation. Consistent with a 7% contribution of glycogenolysis is the rate of glycogenolysis suggested to occur in individuals at 40 h of fasting, from estimates of declines in hepatic glycogen content (19, 20) . The 7% difference between the enrichment at carbon 5 and that in water at 42 h could be due in part or completely to an isotope effect. If so, the contributions of gluconeogenesis would be underestimated at the most by 3% at 14 h. Evidence for the absence of an isotope effect is found on incubation of hepatocytes with lactate in the presence of The similar enrichment at carbon 2 and water at 42 h is also good evidence for a lack of discrimination in labeling at carbon 2.
We have considered trivial the extent glucose released from the branch points experiences glucose cycling, i.e., formation of glucose-6-P from the glucose and concomitant hydrolysis to glucose, during which 2 H would be bound to the hydrogen at carbon 2. Cycling has been reported to be 11-20% of glucose production after an overnight fast (24) (25) (26) (27) (28) . 2 That would reduce the glucose formed from glycogen, without experiencing glucose-6-P formation, from perhaps 10 to 8%. At 8% the corrected values would remain essentially unchanged, e.g., at 14 h [(51 ϩ 4)/104]100 ϭ 53%. No significant cycling between glucose-6-P and triose-P after an overnight fast was found in one study (24) , but was estimated to be 13% of glucose-6-P conversion to glucose in another study (31) . Glucosyl units of glycogen converted to glucose-6-P in the process of glycogenolysis and experiencing that cycling, as well as fructose-6-P formed from glycogen and subjected to the transaldolase exchange reaction (7), would be included in the fraction of glucose formed by gluconeogenesis. Thus, if cycling were 13%, an estimate of 50% gluconeogenesis would reduce to 43.5%. We have assumed there was sufficient turnover of glucose, after the enrichment in water reached steady state, so that the lower enrichment at carbon 2 at 14 than 42 h was due to incomplete isotopic equilibration at the hexose-6-P level. Alternatively, there was insufficient turnover of glucose. Then as a maximum, assuming complete equilibration, percent gluconeogenesis at 14 h from ratio of enrichment at carbon 5 to that carbon 2 at 14 h, would be 56% rather than 47%. Similarly at 22 h, percent gluconeogenesis would be 73%. If equilibration of dihydroxyacetone-3-P with glyceraldehyde-3-P was 90% complete (3, 32) , by assuming it was complete, with glycerol's contribution to gluconeogenesis 10%, the contribution of gluconeogenesis would be underestimated by 1%. These considerations in total should affect the estimates very little.
Determinations of the contribution of gluconeogenesis to glucose production in healthy subjects after an overnight fast have ranged from 25 to 70% (19, (33) (34) (35) (36) (37) (38) (39) (40) (41) . That spread may be attributed in part to dietary preparation, but even with the same preparation, there has been marked variation in glycogen stores at the beginning of fasting (34) . Several of the estimates required a number of uncertain assumptions or the method has been shown to be invalid (42) (43) (44) . Measurements of net splanchnic exchange of glucose and precursor substrates give contributions after an overnight fast from 25-35% (39-41) and after 60 h of fasting 85-90% (39, 45, 46) . While these estimates are somewhat lower than present estimates, splanchnic net balance calculations do not account for hepatic uptake of substrates formed within the splanchnic bed, e.g., gut release of lactate or amino acids (47), nor do they allow for splanchnic extrahepatic glucose utilization and the contribution by kidney to glucose production (48) . Estimates from incorporation of label from a labeled gluconeogenic substrate, e.g., lactate or alanine, are uncertain because of dilution of label in the Krebs cycle and the need to estimate the enrichment or specific activity of pyruvate in liver (43) . Our method eliminated those uncertainties, since 2 H is incorporated for each molecule of gluconeogenic substrate converted to glucose and the enrichment of the 2 H is that in body water. Shulman and associates (19, 34) estimated gluconeogenic rates by determining the rate of glycogenolysis, using NMR to measure hepatic glycogen content and MRI to measure liver volume. They then subtracted the rate of glycogenolysis from the rate of glucose production, measured from glucose kinetics using H)glucose. Gluconeogenesis was calculated to account for ‫ف‬ 65% of glucose production during the first 22 h of fasting, 82% during the next 24 h of fasting, and 96% from 46-64 h of fasting, in good agreement with our estimates. However, they found the rate of gluconeogenesis to be linear over the first 22 h of fasting. Recently, they estimated gluconeogenesis contributes ‫ف‬ 50% to glucose production during the first 12 h of fasting (49) . If the concentration of hepatic glycogen regulates its rate of breakdown (50), a greater amount of glycogenolysis might be expected in the earlier hours of fasting. Their method measures glucose production from liver and to the extent it occurs from kidney (48), while measuring glycogenolysis from liver. The contribution of gluconeogenesis is not measured directly, but rather depends on an estimate of the difference in hepatic glycogen content (51) at some distance in time and the accuracy of the glucose production measurement. The 2 H 2 O method measures the contribution of glu-2. Wolfe and associates (29, 30) reported cycling rates Ͼ 60%, but those rates have not been confirmed in other investigations. coneogenesis whether from liver or kidney, since each glucose produced, if formed via gluconeogenesis, bears label at carbons 2 and 5 and via glycogenolysis at carbon 2. Infusing 13 C-labeled lactate, Lee et al. (37) , using mass isotopomer distribution analysis, reported gluconeogenic contributions of 39-50% in three subjects after an overnight fast and of 71% in one subject after a 24-h fast. Infusing 13 C-labeled glycerol, Hellerstein et al. (38) estimated gluconeogenic contributions after an overnight fast of 30-40%. Estimates using mass isotopomer distribution analysis require the assumption of a single pool of triose-P from which the glucose is formed or multiple pools with similar enrichments of 13 C (3). Infusing relatively small quantities of [U- 13 C]glycerol, after many hours of fasting, the assumption apparently was not fulfilled (3). With higher quantities it apparently was, at least in the rat (32, 52) , although infusing those quantities could alter gluconeogenic rates and under different conditions the requirement of a single enriched pool or its equivalent might not be achieved. With the 2 H 2 O method all pools presumably experience the enrichment of body water. An assumption in the 2 H 2 O method is that glycogen cycling, i.e., simultaneous glycogen synthesis and breakdown, does not compromise the estimates. The extent of cycling, if any, in liver in the fasting state has not been measured. We estimated glycogen cycling to be minimal after giving a glucose load (53) . After giving a larger load, cycling was estimated to be much higher in particular in subjects who ingested a high carbohydrate diet (50) . Only if the glucose-6-P synthesized by gluconeogenesis was deposited, and if in its place an unlabeled glucosyl unit was released as glucose, and in the process labeling occurred at carbon 2, would glycogenolysis be concluded in the face of no change in glycogen content. This would not occur as long as last deposited is first removed (54, 55) . If labeled glucose formed at an early time during fasting was deposited in glycogen and impacted on the labeling of blood glucose released from glycogen at a later time during the fast, previous results (1) would have been expected to be different. The carbon 6 to carbon 2 ratio we found in blood glucose drawn 14 h into a fast and 4 h after giving D 2 O, while the subjects were few in number, should have been different than the ratio in blood glucose drawn 14 h into a fast and 9 h after giving D 2 O. Our estimates of gluconeogenesis in agreement with those reported using NMR also suggest glycogen cycling were not a factor. If glucose-6-P synthesized by gluconeogenesis is converted to glycogen and then released, it is calculated as glucose produced by gluconeogenesis.
In conclusion, rates of gluconeogenesis can be measured safely by the 2 H 2 O method using enrichments at carbons 2 and 5 of blood glucose and in urinary water. At steady state the ratio of enrichment at carbon 5 to urinary water is directly the fraction of glucose formed via gluconeogenesis. Not at steady state, the fraction is the ratio of enrichment at carbon 5 to carbon 2 with correction to the enrichment at carbon 2 for reactions within the course of glycogenolysis. After an overnight fast gluconeogenesis accounts for ‫ف‬ 50% of glucose production, increases by 22 h, and by 42 h of fasting accounts for almost all of glucose production in healthy subjects.
